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ABSTRACT 


The  upward  vertical  flow  of  oil-water  mixtures 
has  been  investigated  using  a  37  foot  length  of  cellulose  acetate 
butyrate  tubing  of  inside  diameter  1.038  inches.  Pressure 
drop  data  using  two  viscous  white  oils  of  20.09  and  150.17 
centipoise  viscosity  were  obtained  from  a  28.37  foot  test 
section  at  seven  constant  superficial  reference  phase  (water) 
velocities  from  0.10  to  10.0  feet  per  second.  Tests  were 
conducted  at  each  reference  phase  rate  to  maximum  second 
phase  (oil)  superficial  velocities  of  10.93  feet  per  second 
for  the  oil  of  20.09  centipoise  viscosity  and  to  6.36  feet 
per  second  for  the  more  viscous  oil. 

The  similarity  of  behaviour  between  the  air-water 
and  oil-water  systems  is  apparent  in  the  variation  of  the 
unit  pressure  drop  with  the  input  volume  ratio  of  the  two 
phases.  The  curves  for  the  oil  of  20.09  centipoise  viscosity 
indicate  that  a  minimum,  a  maximum  and  a  second  minimum  occur 
at  the  lower  superficial  reference  phase  velocities.  At 
reference  phase  rates  beyond  1.8  feet  per  second  the  second 
minimum  and  the  maximum  were  not  observed.  The  behaviour  of 
the  more  viscous  oil  differed  in  that  no  maximum  or  second 
minimum  were  observed.  No  minimum  occurred  in  the  unit  pressure 
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drop  curves  for  either  of  the  oils  at  superficial  reference 
phase  velocities  greater  than  3.2  feet  per  second. 

A  comparison  of  the  friction  factors,  calculated 
using  the  superficial  reference  phase  velocities,  indicates 
that  the  pressure  drop  due  to  friction  and  other  irreversibili¬ 
ties  is  essentially  independent  of  the  second  phase  viscosity 
provided  that  the  second  phase  does  not  become  the  continuous 
medium.  The  trend  of  the  friction  factors  at  a  superficial 
reference  phase  velocity  of  0.32  feet  per  second  suggests 
that  the  interfacial  tension  may  affect  the  pressure  drop 
at  low  flow  rates. 

The  value  of  the  holdup  ratio  for  superficial  reference 
phase  velocities  greater  than  1.0  feet  per  seoond  for  both 
oils  lies  in  the  range  1.0  to  1.5.  The  viscosity  of  the  second 
phase  showed  an  effect  only  at  superficial  reference  phase 
velocities  less  than  1.0  feet  per  second.  At  these  rates  the 
second  phase  became  continuous  and  the  holdup  ratio  became 
less  than  unity.  The  values  obtained  for  the  holdup  ratio 
in  this  study  indicate  that  the  phase  which  forms  the  contin¬ 
uous  medium  will  "holdup"  in  the  flow  section  for  oil-water 
mixtures . 
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I  INTRODUCTION 


Two  phase  flow,  which  is  the  simultaneous  flow  of 
two  phases,  has  received  considerable  attention  by  numerous 
investigators.  The  expression  "two  phase  flow"  is  generally 
associated  with  the  flow  of  a  gas  and  a  liquid,  but  it  is 
equally  applicable  to  solid-gas,  solid-liquid  and  liquid- 
liquid  two  phase  flow  systems. 

The  majority  of  the  studies  conducted  have  been  con¬ 
cerned  with  gas-solid  and  gas-liquid  systems  and  their 
applications  in  the  petroleum,  petrochemical  and  process 
industries.  Vapor-liquid  and  solid-liquid  systems  have  been 
studied  in  the  course  of  nuclear  reactor  development. 

A  consideration  of  the  variables  which  enter  the 
analysis  of  a  two  phase  system  indicates  that  it  is  not 
possible  to  treat  all  two  phase  systems  in  the  same  manner. 
Pressure  drop,  flow  pattern  ahd  holdup,  which  is  related  to 
the  relative  velocities  of  the  two  phases,  are  influenced 
not  only  by  the  geometry  of  the  system  but  by  the  flow  rates, 
the  densities,  the  viscosities  and  the  interfacial  tension. 
The  analysis  of  such  a  flow  system  is  further  complicated 
by  two  factors:  (1)  the  flow  cannot  be  described  simply 
as  being  laminar,  transitional  or  turbulent  as  is  the 
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case  for  single  phase  flow.  The  flow  characteristics  are 
determined  by  the  relative  amount  of  each  phase,  the  mass 
flow  rate  of  the  mixture  and  the  properties  of  the  two  phases; 
(2)  the  two  phase  mixture  flowing  in  a  vertical  tube  is  never 
of  the  same  overall  composition  as  that  admitted  or  discharged 
from  the  tube . 

Nearly  all  investigators  have  chosen  single  phase 
flow  as  their  model  and  because  the  mechanics  of  two  phase 
flow  is  not  known  the  pressure  drop  data  are  generally  cor¬ 
related  by  expressing  the  results  as  friction  factors. 

Several  different  ways  have  been  used  to  define  the  friction 
factors.  In  some  cases,  particularly  with  liquid-solid 
systems,  the  friction  factor  may  be  correlated  in  terms  of 
the  flow  rate  and  the  properties  of  the  liquid-solid  mixture 
considered  as  a  pseudo  homogeneous  phase.  In  others,  and 
especially  with  gas-liquid  systems,  the  friction  factor 
must  be  correlated  in  terms  of  the  separate  flow  rates  and 
properties  of  each  phase.  At  the  University  of  Alberta  all 
two  phase  flow  data  obtained  from  the  upward  vertical  flow 
studies  with  air -water  mixtures  have  been  presented  in  terms 
of  a  friction  factor  based  upon  the  properties  and  the  super¬ 
ficial  velocity  of  the  water  chosen  as  the  reference  phase. 
This  method  is  employed  in  the  presentation  of  the  results 
of  this  investigation  using  two  oil-water  mixtures. 

Research  studies  concerned  with  the  upwards  vertical 
flow  of  gas -liquid  mixtures  were  initiated  at  the  University 
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of  Alberta  in  1948.  Early  work  dealt  with  the  effect  of 
the  gas  and  liquid  rates  and  the  tubing  diameter  on  the 
pressure  drop,  flow  pattern  and  holdup.  Recent  studies 
have  shown  that  the  effect  of  the  gas  phase  density  on  the 
pressure  drop  attending  the  flow  of  gas-liquid  mixtures  is 
negligible.  The  first  study  of  the  upward  vertical  flow  of 
two  liquids  was  conducted  in  1958  with  an  oil  of  0.936  centi- 
poise  viscosity  as  the  second  phase  and  water  as  the  reference 
phase . 

The  present  study  is  an  investigation  to  determine 
the  effect  of  the  second  phase  viscosity  on  the  pressure 
drop,  flow  pattern  and  holdup.  Two  oils  of  20.09  and 
150.17  centipoise  viscosity  are  used  as  the  second  phase, 
each,  with  water  as  the  reference  phase. 

In  other  work  currently  underway  photographic  tech¬ 
niques  are  being  used  in  an  attempt  to  analyze  the  mechanics 
of  the  two  phase  flow  system.  A  study  of  the  effect  of 
interfacial  tension  is  also  being  pursued. 
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II  LITERATURE  REVIEW 


Numerous  investigations  have  been  conducted  in  the 
field  of  two  phase  flow  with  both  vertical  and  horizontal 
flow  systems.  The  earlier  studies  were  concerned  primarily 
with  the  prediction  of  the  pressure  drop  but  more  recently 
work  devoted  to  the  study  of  flow  patterns  and  the  holdup 
or  slip  of  one  of  the  phases  has  appeared  in  the  literature. 

A  Pressure  Drop 

The  first  published  works  were  concerned  almost 
entirely  with  the  theory  of  air-lift  pumps  and  their  appli¬ 
cation.  In  1909  Lorenz  (19)  presented  a  simple  mathematical 
theory  explaining  the  action  of  the  air-lift  pump  and  deduced 
an  equation  which  contained  two  discharge  coefficients. 

Since  the  coefficients  had  to  be  determined  experimentally 
for  each  application  the  usefulness  of  his  equation  was 
limited. 

Two  years  later  Davis  and  Weidner  (6)  at  the  University 
of  Wisconsin  conducted  tests  with  an  air-water  system.  Pres¬ 
sure  drop  data,  obtained  from  two  pipes  19.32  and  42.08  feet 
in  length  and  each  1%  inches  in  diameter,  were  expressed  as 
"submergence  ratio"  which  is  equivalent  to  -vL  used  by 
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Govier ,  Radford  and  Dunn  (14).  Efficiencies  calculated 
by  taking  the  ratio  of  the  actual  work  done  in  lifting 
the  water  to  the  theoretical  work  obtainable  from  the 
air's  expansion  showed  that  as  the  air  rate  was  increased 
the  efficiency  passed  through  a  maximum  and  then  declined. 

A  period  of  almost  twenty  years  elapsed  before  Uren 
et  al  (34)  in  1930  reported  the  behaviour  of  gas-oil  mix¬ 
tures  using  air  and  an  oil  of  535  centipoise  viscosity. 

Pressure  drop  readings  were  obtained  from  a  test  section 
of  41.4  feet  of  2  inch  pipe  with  air-oil  ratios  (cubic  feet 
per  barrel)  from  520  to  7050  with  flow  velocities  up  to 
108  feet  per  second.  A  plot  of  the  pressure  drop  versus 
the  air -oil  volume  ratio  showed  a  near  linear  relationship 
for  air-oil  ratios  above  about  500.  However,  Uren  et  al 
recognized  that  at  a  point  below  a  ratio  of  500  the  flow 
resistance  would  increase  with  a  diminishing  air-oil  ratio. 

Uren  et  al  also  computed  an  expression  similar  to  a  Reynolds 
number  using  a  specific  gravity  based  on  the  volume  fractions 
of  the  air  and  oil  and  an  absolute  viscosity  calculated  from 
Poiseuille's  formula.  When  this  expression,  embodying  the 
density,  viscosity  and  velocity  of  the  mixture  and  the  pipe 
diameter,  was  plotted  against  the  Fanning  friction  factor  on 
logarithmic  co-ordinates  a  linear  relationship  resulted. 

Uren  et  al  did,  however,  realize  that  the  linear  relationship 
obtained  was  open  to  criticism  since  slippage  of  the  gas  through 
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the  oil  was  not  considered  nor  was  the  nonhomogeneity 
of  the  air-oil  mixtures. 

The  following  year  a  study  by  Moore  and  Wilde  (21) 
concerned  primarily  with  slippage  reported  total  pressure 
drop  readings.  Since  the  Fanning  equation  did  not  correlate 
the  friction  loss  obtained  by  subtracting  the  hydrostatic 
head  and  velocity  head  from  the  total  pressure  drop  it 
was  considered  to  be  inapplicable  for  the  flow  of  hetero¬ 
geneous  fluids.  Moore  and  Wilde  did,  however,  develop  an 
empirical  expression  which  correlated  their  data  but  when 
the  expression  was  applied  to  longer  test  sections  such  as 
gas-lift  oil  wells  it  was  found  to  be  unsatisfactory. 

In  1932  Nowels  (23)  analyzed  data  from  28  producing 
oil-gas  wells  whose  tubing  size  varied  from  2\  to  6%  inches 
in  diameter.  A  "tubulence  factor,"  which  was  equivalent  to 
a  Reynolds  number,  was  calculated  by  using  an  average  density 
based  upon  the  surface  and  bottomhole  pressures  and  an  average 
velocity  calculated  from  the  volume  of  flowing  oil  and  gas 
under  average  pressure.  The  absolute  viscosity  was  deter¬ 
mined  by  utilizing  the  linear  relationship  existing  between 
the  viscosity  of  an  oil-gas  mixture  at  atmospheric  conditions 
and  the  percentage  of  oil  in  the  mixture  when  plotted  on 
logarithmic  co-ordinates.  As  in  the  work  of  Uren  et  al  a 
linear  relationship  was  obtained  when  the  "turbulence  factor" 
and  the  friction  factor  were  plotted  on  logarithmic  co¬ 
ordinates.  The  viscosities  of  the  oil-gas  mixtures,  used 
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in  calculation  of  the  turbulence  factor,  were  open  to 
question  since  they  were  based  upon  atmospheric  conditions. 
Nowels  found  that  for  a  given  value  of  the  "turbulence 
factor"  the  friction  factor  increased  with  the  diameter, 
the  reverse  of  horizontal  characteristics,  however  the 
net  result  showed  that  the  pressure  drop  per  unit  length 
of  pipe  was  greatest  for  pipes  of  small  diameter. 

In  1944  Mar  tine  Hi  and  co-workers  (20)  at  the  University 
of  California  published  work  dealing  with  the  horizontal 
flow  of  gas-liquid  systems.  Pressure  drops,  for  liquid 
viscosities  in  the  range  0.62  to  265  centipoise,  were  ob¬ 
tained  from  two  flow  sections,  one  a  21.6  foot  length  of  1 
inch  glass  pipe  and  the  other  a  50  foot  length  of  \  inch 
galvanized  iron  pipe.  The  tests  indicated  that  the  more 
viscous  the  liquid  the  greater  the  effect  of  the  liquid 
phase  on  the  pressure  drop,  particularly  when  the  liquid  was 
flowing  in  the  viscous  region.  The  flow  patterns  were  in¬ 
fluenced  by  surface  tension,  but  the  total  pressure  drops 
were  not.  The  possible  types  of  flow  were  classified  as: 

(1)  gas  turbulent  -  liquid  turbulent 

(2)  gas  turbulent  -  liquid  viscous 

(3)  gas  viscous  -  liquid  turbulent 

(4)  gas  viscous  -  liquid  viscous. 

The  case  of  both  phases  flowing  in  a  turbulent  state 
was  correlated  by  employing  a  parameter  representing  the 
ratio  of  the  shearing  forces  in  the  two  liquid  phases.  The 
parameter  was  a  function  of  the  viscosity,  density  and  weight 
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rate  of  flow  of  each  of  the  phases.  The  final  correlation 
showed  that  the  two  phase  pressure  drop  was  equal  to  the 
product  of  the  pressure  drop  for  the  gas  flowing  alone  and 
a  function  of  the  shearing  force  parameter.  Flow  types 
(2)  and  (3)  were  analyzed  similarly  and  correlations  pro¬ 
posed,  but  for  all  flow  types  the  pressure  drop  could  only 
be  predicted  within  plus  or  minus  thirty  percent. 

Five  years  later  Lockhart  and  Martinelli  (18) ,  using 
data  obtained  at  the  University  of  California,  proposed  a 
new  general  parameter  which  was  applicable  to  all  four  types 
of  flow.  No  analysis  of  the  flow  phenomena  was  made  but 
it  was  realized  that  slippage  of  the  two  phases  occurred 
and  the  experimentally  determined  fraction  of  the  tube  filled 
with  each  phase  was  utilized.  The  parameter  was  defined 
as  being  equal  to  the  square  root  of  the  ratio  of  the  pres¬ 
sure  drop  which  would  occur  if  the  liquid  were  flowing  alone 
to  that  which  would  occur  if  the  gas  were  flowing  alone. 

The  final  correlation  gave  good  agreement  for  the  fraction 
of  the  tube  occupied  by  the  gas  and  liquid  and  reasonable 
agreement  between  the  experimental  and  predicted  pressure 
drops . 

Vertical  two  phase  flow  studies  were  initiated  at 
the  University  of  Alberta  in  1948  when  Radford  (25)  conduc¬ 
ted  tests  using  a  22.88  foot  length  of  1.049  inch  diameter 
tubing.  A  preliminary  analysis  showed  that  at  a  constant 
water  rate  as  the  air  rate  increased  the  measured  pressure 
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drop  exhibited  a  minimum,  a  maximum  and  a  second  minimum, 
but  as  the  water  rate  increased  the  maximum  and  second 
minimum  became  less  pronounced. 

Dunn  (7) ,  who  continued  the  work  of  Radford  utilizing 
the  same  flow  section  and  one  22.78  feet  in  length  and 
0.640  inches  in  diameter,  studied  the  effect  of  gas  phase 
density  by  using  midpoint  pressures  of  18  and  36  p.s.i.a. 

The  measured  pressure  drop  was  separated  into  hydrostatic 
head  and  irreversibility  components  as  proposed  by  Radford 
and  a  friction  factor  was  calculated  on  the  basis  of  the 
density  and  the  superficial  velocity  of  the  gas  phase 
(assuming  the  gas  phase  to  be  flowing  alone).  The  effect* 
of  tubing  diameter,  water  rate  and  gas  phase  density  on  the 
friction  factor  were  found  to  be  complex  and  inter-related. 

Govier,  Radford  and  Dunn  (14)  developed  an  empirical 
correlation  to  predict  the  pressure  drop  for  the  upward 
vertical  flow  of  air -water  mixtures  in  a  1.025  inch  diameter 
tube.  The  correlation  was  limited  to  an  average  flowing 
pressure  of  36  p.s.i.a.  and  a  temperature  of  70°F  as  required 
by  the  conditions  of  the  experimental  work.  By  applying  a 
mechanical  energy  balance  to  both  phases  the  following 
equation,  expressing  the  total  unit  pressure  drop  in  terms 
of  feet  of  flowing  liquid  per  foot,  was  obtained. 

(±5) 


-  Vt  ^  —  1  +  Rm  4-  1  _ _ 

L  TTt;  +  rnv  v^x' 


(i) 


*  This  statement  is  not  in  full  agreement  with  recent  studies 
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A  friction  factor,  f£,  based  on  the  superficial 
liquid  velocity,  was  defined  as 


(^>  =  mml 

L  grD 


(2) 


where : 


=  gas -liquid  mass  ratio,  lb.  per  lb. 

=  gas-liquid  volume  ratio,  cu.  ft.  per  cu.  ft. 

P  =  pressure,  lbs.  per  sq.  ft.  absolute. 

=  tube  length,  ft. 

v^  =  specific  volume  of  the  liquid,  cu.  ft.  per  lb. 

('£-?)  =  unit  pressure  drop  due  to  friction  and 
L 

irreversibilities,  ft.  of  water  per  ft.  of  tube. 
f£  =  superficial  two  phase  friction  factor,  based 
on  the  liquid  phase. 

=  superficial  liquid  velocity,  based  on  the 
total  tube  cross  section,  ft.  per  sec. 

D  =  tube  diameter,  ft„ 

.  -|  .  r  .  lb.(m)  ft.  „ 

gc  =  dimensional  conversion  factor  1V7(F ) — sec. 


Equations  (1)  and  (2)  neglected  any  energy  associated 

with  interfacial  surface  and  the  kinetic  energy  effects  were 

neglected  or  considered  to  be  included  in  the  (^F)  term. 

^X  L 

Equation  (1)  indicated  that  the  total  unit  pressure  drop, 

“  vl  -^y,  was  equal  to  the  sum  of  two  components  , 

the  hydrostatic  head  component  and  — L  the 

1  +  Hy  ^  -X  L 

irreversibility  component.  The  two  phase  friction  factor, 
f^,was  correlated  by  plotting  the  friction  factor  versus 
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the  superficial  water  velocity  on  logarithmic  co-ordinates 
with  the  air -water  volume  ratio  as  a  parameter. 

Poettmann  and  Carpenter  (24)  analyzed  data  from 
flowing  wells  by  considering  the  flowing  mixture  of  gas, 
oil  and  water  as  though  it  were  a  single  homogeneous  phase 
having  properties  of  the  mixture.  Assuming  that  the  flow 
was  characterized  by  a  high  degree  of  turbulence,  that  is 
independent  of  viscosity  effects,  a  correlation  using  the 
Fanning  friction  factor  expression  was  developed.  The  final 
correlation  was  a  plot  of  the  total  weight  of  the  fluids 
versus  the  unit  pressure  drop  with  a  parameter  of  flowing 
density  (an  average  value) .  At  high  flow  rates  it  was 
assumed  that  there  was  no  liquid  slippage  and  the  energy 
losses  were  primarily  due  to  friction  effects,  however,  as 
the  rates  were  lowered  liquid  slippage  occurred  which  tended 
to  increase  the  energy  losses  although  the  frictional  energy 
loss  was  less  due  to  a  lower  velocity. 

A  correlation  to  predict  the  pressure  drop  under 
conditions  of  annular  flow  of  air -water  mixtures  was 
developed  from  theoretical  considerations  by  Calvert  and 
Williams  (3)  in  1955.  When  the  rate  of  gas  flow,  its 
density  and  viscosity,  the  film  thickness  of  the  annulus, 
and  the  radius  of  the  tube  were  known  the  total  pressure 
drop  could  be  predicted.  The  total  pressure  drop  of  the 
flowing  mixture  was  the  sum  of  the  pressure  drop  due  to  the 
gas  flowing  alone  in  a  dry  tube  and  the  pressure  drop  due 
to  profile  drag. 
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Galegar,  Stovall  and  Huntington  (11)  obtained  an 
empirical  correlation  which  represented,  to  within  plus 
or  minus  twenty  three  percent,  the  gas-liquid  pressure 
drop  data  obtained  by  Galegar  (10)  and  Stovall  (30)  from 
a  72  foot  length  of  2  inch  diameter  tubing  and  a  19  foot 
length  of  \  inch  diameter  tubing.  Water  and  kerosene  were 
the  liquids  studied  using  air  as  the  gas  phase.  The  pressure 
drop  data  were  correlated  by  plotting  an  energy  loss  factor, 

"F"  (based  on  a  modification  of  the  Fanning  equation)  against 
a  dimensionless  flow  ratio.  This  ratio  was  the  ratio  of 
the  viscosities  and  flow  rates  of  the  gas  and  liquid. 

Govier  and  Short  (15)  developed  a  correlation,  based 
on  the  work  of  Short  (28) ,  to  account  for  the  effect  of 
tubing  diameter  on  the  pressure  drop  for  the  air-water 
system.  The  correlation  was  based  on  data  from  test  sections 
0.630,  1,025,  1.50  and  2.50  inches  in  diameter.  A  constant 
average  air  density  in  the  22.88  foot  length  test  sections 
was  obtained  by  maintaining  the  midpoint  pressure  at  36 
p.s.i.a.  The  correlation  was  a  plot  of  the  friction  factor 
versus  DV^  on  logarithmic  co-ordinates  with  a  parameter  of 
D3-£g.  At  any  constant  air-water  volume  ratio  the  two  phase 
friction  factor  was  found  to  increase  with  increasing  diameter. 

In  1958  Sullivan  (31)  continued  the  work  on  two  phase 
vertical  flow  at  the  University  of  Alberta  with  a  study  on 
the  effect  of  the  second  phase  (non-water)  density.  Tests 
were  conducted  using  22.88  foot  lengths  of  1.025  and  1.50 
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inch  diameter  tubing  to  study  the  characteristics  of 

oil-water  and  air -water  mixtures.  The  correlation  obtained 

by  Sullivan  was  a  plot  of  the  friction  factor  versus  DVn 

K 

on  logarithmic  co-ordinates  with  a  complex  parameter.  The 
parameter  contained  the  diameter  of  the  test  section,  the 
second  phase  superficial  velocity  and  the  difference  in 
kinematic  viscosities  of  the  two  phases.  An  increase  in 
second  phase  density  was  found  to  decrease  the  value  of  the 
friction  factor  when  the  other  variables  remained  constant. 

Other  than  the  work  of  Sullivan  the  only  other  two 
phase  vertical  flow  of  liquid  mixtures  known  is  the  work 
of  Finnigan  (9)  who  studied  pressure  losses  and  heat  trans¬ 
fer  characteristics  for  solvent-water  and  water-solvent 
emulsions.  The  pressure  drop  data,  obtained  from  6.003 
feet  of  brass  tubing  0.05838  feet  in  diameter,  were  converted 
to  friction  factors  by  using  the  Fanning  equation.  The 
Reynolds  number  was  calculated  from  the  equation  of  Nikuradse  (22) . 

— I —  =  4.0  log  (Re  J  f)  -  0.40  (3) 

The  emulsions  studied  were  20.6,  24.8,  49.2,  63.1  and  90.7 
percent  solvent  by  volume.  In  the  evaluation  of  the  friction 
factors  the  viscosity  of  the  mixtures  were  considered  to  be 
those  that  satisfied  equation  (3) .  The  range  of  apparent 
'  turbulent  viscosities11  was  6.6  to  37.0X10“':  pounds  per  foot 
second.  Finnigan  concluded  from  his  measurements  that  the 
viscosity  increased  with  increasing  flow  rate  due  to  a  decrease 
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in  particle  size.  In  view  of  this  behaviour  the  Einstein 
viscosity  equation  (8) 

=>!c  (1  +  2.5  <fi  )  (4) 

was  empirically  modified  to 

=  yUc  [ l  +  2.5  +  (3.0  +  1.06  W)  2]  (5) 

[l  +  2.5  <0  +  5.6  ^  2]  (6) 

where 

=  effective  viscosity  of  the  dispersion 
=  viscosity  of  the  continuous  phase 
<P  =  volume  fraction  of  the  dispersed  phase 

W  =  mass  flow  rate. 

When  equation  (5)  was  used  for  the  calculations  the 
experimental  results  could  be  represented  within  plus  or 
minus  four  percent,  but  when  using  equation  (6),  which  did 
not  include  a  term  allowing  for  the  change  in  flow  rate,  the 
agreement  was  only  plus  or  minus  nine  percent. 

Studies  at  the  University  of  Alberta,  with  the  co¬ 
operation  of  the  Alberta  Research  Council,  in  horizontal 
two  phase  flow  of  oil-water  mixtures  were  initiated  in  1958 
by  Russell  (26).  Russell,  Hodgson  and  Govier  (27)  compared 
friction  factors  obtained  for  laminar  flow  of  a  white 
mineral  oil  and  water  with  the  predicted  friction  factors 
for  laminar  stratified  flow  between  parallel  plates  and 
found  the  agreement  remarkably  good.  The  viscosity  was  found 
to  have  little  effect  on  the  pressure  drop  but  did  affect 
the  holdup  ratio  in  the  laminar  region. 
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In  a  study  of  the  horizontal  flow  of  water  and 
equal  density  oils  of  6.29,  16.8  and  65.0  centipoise  vis¬ 
cosity  Charles  (4)  found  that  at  low  oil  to  water  input 
ratios  the  pressure  drop  due  to  friction  was  independent 
of  the  oil  viscosity.  However,  at  high  input  ratios  the 
oil  of  65.0  centipoise  viscosity  became  the  continuous  phase 
and  the  pressure  drop  was  much  higher  due  to  the  continuous 
contact  of  the  oil  phase  with  the  wall  of  the  tube.  The  flow 
patterns  were  similar  for  the  two  lower  viscosity  oils  but 
the  viscous  oil  exhibited  different  behaviour  thought  to  be 
the  effect  of  a  lower  interfacial  tension.  At  superficial 
water  velocities  of  0.10  and  0.32  feet  per  second  the  oil 
of  65.0  centipoise  viscosity  became  the  continuous  phase 
and  holdup  ratios  near  0.6  resulted.  The  holdup  ratio  less 
than  unity  indicated  that  the  phase  in  contact  with  the  wall 
tended  to  holdup  allowing  the  other  phase  to  slip  by. 

B  Flow  Patterns 

In  1911  Davis  and  Weidner  (6)  made  the  first  known 
flow  pattern  observations.  They  found  that  for  any  constant 
water  rate  and  with  a  low  air  rate  small  bubbles  were  formed 
which  became  long  bubbles  or  pistons  when  the  air  rate  was 
increased  and  eventually  disappeared  when  the  air  to  water 
ratios  became  large. 

Cromer  and  Huntington  in  1940  (5)  conducted  a  more 
extensive  investigation  using  a  98  foot  flow  string  of  2  inch 
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standard  pipe  fitted  with  glass  observation  sections. 

Four  significant  points  were  noted:  (1)  the  point  of  no 
flow  due  to  a  deficiency  of  air,  (2)  the  point  of  maximum 
efficiency,  (3)  the  point  of  maximum  yield,  and  (4)  the 
point  of  no  flow  due  to  an  excess  of  air.  The  flow  patterns 
were  observed  to  change  from  bubble  to  slug  to  froth  with 
an  increasing  air  rate  and  finally  for  extremely  high  air 
rates  the  point  of  no  flow,  characterized  by  water  travelling 
in  the  air  stream  and  as  an  annulus  on  the  wall  of  the  tube, 
was  reached.  Slug  flow  was  found  to  correspond  to  the  point 
of  maximum  efficiency  while  small  rapid  moving  pistons 
yielded  the  maximum  flow  of  water. 

Radford  (25)  at  the  University  of  Alberta  in  1948 
conducted  a  preliminary  analysis  of  the  vertical  flow  of 
air -water  mixtures  and  found  four  flow  patterns  to  exist. 

The  flow  patterns  changed  with  a  constant  water  rate  and 
an  increasing  air  rate  from  bubble  to  slug  to  froth  to  film 
and  finally  to  mist  flow. 

Dunn  (7)  in  1952,  using  the  1.049  inch  diameter  test 
section  of  Radford  and  one  0.640  inches  in  diameter,  found 
that  the  diameter  of  the  test  section  did  not  affect  the 
flow  patterns  nor  did  doubling  the  midpoint  pressure  form 
18  p.s.i.a.  to  36  p.s.i.a. 

The  method  of  relating  the  flow  patterns  to  the  pressure 
drop  curves  utilized  by  Radford  and  Dunn  was  followed  in 
1957  when  Govier,  Radford  and  Dunn  (14)  reported  the  results 
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of  the  University  of  Alberta's  investigations.  Regimes 
I,  II,  III  and  IV  were  defined  by  the  two  minima  and  the 
maximum  of  the  unit  pressure  drop  curve.  Bubble  and  slug 
flow  were  observed  in  Regime  I  while  Regime  II  was  charac¬ 
terized  by  slug  and  froth  flow.  Froth  flow  existed  in 
almost  all  of  Regime  III  except  near  the  transition  to 
Regime  IV  where  a  ripply  film  type  of  flow  was  observed. 

The  flow  pattern  was  found  to  stabilize  in  Regime  IV  as  a 
mist  type  of  flow  with  the  droplets  of  water  decreasing 
in  size  as  the  air  rate  increased. 

Koslov  (17)  studied  the  flow  of  air  and  water  in  a 
25  mm.  diameter  vertical  tube  by  varying  the  volume  fraction 
of  the  gas  from  0  to  1.0  and  the  velocity  of  the  mixture 
from  0.1  to  20  meters  per  second  at  an  average  pressure  of 
1.5  atmospheres  absolute.  With  a  constant  water  rate  and 
an  increasing  gas  content  of  the  mixture  six  forms  of  flow 
were  observed:  (1)  bubble,  (2)  plug,  (3)  dispersed  plug, 

(4)  emulsion,  (5)  film  emulsion,  and  (6)  drop.  The  limits 
of  existence  of  the  forms  of  flow  were  found  to  be  deter¬ 
mined  by  the  volume  fraction  of  gas  in  the  mixture  and  the 
Froude  number  of  the  mixture.  The  boundaries,  which  were 
considered  to  be  applicable  for  tubes  ranging  in  size  up 
to  100  mm.  diameter,  were  established  by  the  following 
general  form 
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where 

Cvcj  =  volume  fraction  of  gas  in  the  mixture 
v  2 

Frm  =  yg.  =  Froude  number  of  the  mixture 

Vm  =  velocity  of  the  mixture 
d  =  tube  diameter 
g  =  gravitational  constant 

a,b  =  experimentally  determined  constants 

In  1955  Calvert  and  Williams  (3)  investigated  the 
flow  patterns  for  the  air -water  system  using  three  tubes 
of  varying  length  and  diameter.  The  observed  flow  patterns 
were  similar  to  those  found  in  earlier  work  (25)  at  the 
University  of  Alberta. 

Galegar,  Stovall  and  Huntington  (11),  using  tubes 
of  2  and  \  inch  diameters,  found  that  five  principal  flow 
patterns  existed.  They  were:  (1)  aerated  flow,  (2)  slug 
flow,  (3)  turbulent  flow  (complete  mixing),  (4)  semi-annular 
flow  (some  water  in  the  air  core)  and  (5)  annular  flow 
(only  traces  of  water  in  the  air  core). 

In  1958  Sullivan  (31) ,  in  an  investigation  of  the 
effect  of  second  phase  density,  using  air -water  and  oil- 
water  mixtures  found  the  flow  patterns  to  be  similar  for 
both  systems. 

C  Holdup  or  Slippage 

Although  investigators  as  early  as  Lorenz  (19)  in 
1909  realized  that  slippage  of  the  gas  through  the  liquid 
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phase  occurred,  not  until  1931  was  any  attempt  made  to 
predict  the  extent  of  this  effect.  Moore  and  Wilde  (21) 
using  gas-liquid  systems  conducted  tests  on  five  flow  lines 
from  1  to  4  inches  in  diameter.  The  tubes  were  equipped 
with  quick  closing  valves  at  the  top  and  bottom  in  order 
to  trap  the  mixture  and  determine  the  amount  of  slippage. 
Five  liquids,  varying  in  viscosity  from  1  to  140  centipoise 
and  from  27  to  71  dynes  per  centimeter  in  surface  tension, 
were  studied.  The  ratio  of  liquid  to  gas  trapped  in  the 
flow  line  was  found  to  be  independent  of  the  liquid  phase 
viscosity.  An  empirical  relationship,  embodying  the  density 
and  surface  tension  of  the  liquid,  pipe  diameter,  average 
pressure  and  the  quantities  flowing,  was  developed  for  pre¬ 
dicting  the  liquid  to  gas  ratio  after  slippage. 

In  1936  Gosline  (13)  conducted  a  study  to  determine 
if  single  bubble  motion  in  the  gas-liquid  system  was  related 
to  the  slippage  factor  in  vertical  two  phase  flow.  It 
was  found  that  the  size  of  the  bubble  and  tube  materially 
affected  the  average  velocity,  but  the  effect  of  viscosity 
was  negligible  for  the  narrow  range  studied  (0.120  to  0.981 
centipoise) .  The  physical  characteristics  had  little  effect 
upon  the  velocity  and  it  was  generally  concluded  that  single 
bubble  data  was  not  applicable  to  the  slip  velocity  in  an 
air  or  gas  lift. 

Radford  (25)  at  the  University  of  Alberta  in  1948 
made  a  preliminary  analysis  of  the  vertical  flow  of  air- 
water  mixtures  and  found  that  the  test  section  air  to  water 
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ratios  were  influenced  by  the  flow  pattern.  A  further 
study  by  Dunn  (7)  in  1952  showed  that  the  test  section 
air  to  water  ratio  passed  through  a  maximum  coincident 
with  slug  flow  and  a  minimum  corresponding  to  froth  flow 
with  a  constant  water  rate  and  an  increasing  air  rate. 

In  1957,  Govier,  Radford  and  Dunn  (14)  defined  the 
holdup  ratio  as  the  ratio  of  the  gas-liquid  volume  ratio 
of  the  two  phases  admitted  to  the  flow  section  to  the  gas- 
liquid  volume  ratio  in  the  flow  section.  Slip  velocity 
which  has  been  used  by  other  investigators  is  defined  as 
the  difference  in  the  average  lineal  velocities  of  the  gas 
and  liquid  phases  when  measured  at  average  flowing  pressure 
and  temperature.  The  slip  velocity  is  related  to  the  holdup 
ratio  by  the  equation  (14) 

HR  =  VG  '  VL  +  1  (8) 

where  Vq  =  average  lineal  velocity  of  the  gas  phase  and 
v£  =  average  lineal  velocity  of  the  liquid  phase.  The  data 
were  correlated  in  the  form  of  a  logarithmic  plot  of  holdup 
ratio  versus  superficial  water  velocity  with  a  parameter  of 
air  to  water  volume  ratio. 

Stein  and  coworkers  (29)  investigated  the  slip 
velocity  with  a  stationary  liquid  phase.  Slip  velocities 
were  determined  by  bubbling  a  gas  into  2,  3  and  4  inch 
diameter  glass  columns  containing  liquids  ranging  up  'to  15,000 
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centipoise  in  viscosity.  The  correlation  obtained  showed 
that  the  gas  supply  rate  and  tube  diameter  had  the  greatest 
effect  on  the  gas  slip  velocity.  The  effects  of  such  other 
variables  as  liquid  viscosity,  liquid  density  and  angle  of 
the  tube  from  the  vertical  were  found  to  be  negligible. 

In  1956  Galegar,  Stovall  and  Huntington  (11)  found 
that  in  all  cases  the  ratio  of  liquid  to  gas  was  greater  in 
the  mixture  trapped  in  the  flow  section  than  in  the  mixture 
entering  the  flow  section.  It  was  concluded  that  the  phase 
of  lower  density  (gas)  slips  by  the  more  dense  water  phase. 

Govier  and  Short  (15)  found  that  the  holdup  ratio  was 
a  function  of  the  one  third  power  of  the  diameter  in  Regimes 
I  and  II  and  of  the  reciprocal  of  the  one  third  power  of  the 
diameter  in  Regime  IV.  The  holdup  ratio  in  Regime  III  was 
found  not  to  depend  upon  the  diameter  of  the  test  section. 

Data  obtained  by  Sullivan  (31)  at  the  University  of 
Alberta  showed  that  when  oil  was  the  second  phase  the  holdup 
ratio  was  near  unity  for  all  water  rates.  The  holdup  ratio 
was  correlated  as  a  function  of  the  difference  in  density  of 
the  two  phases. 
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III  EXPERIMENTAL  EQUIPMENT 

The  equipment  used  in  this  investigation  was 
constructed  with  the  equipment  of  Sullivan  (31)  as  a  model. 

The  test  section  consisted  of  37  feet  of  1.038  inch 
inside  diameter  cellulose  acetate  butyrate  tubing  equipped 
with  full  flow  plug  valves.  All  piping  and  vessels  were  of 
aluminum. 

Oil  and  water  were  pumped  from  110  gallon  storage 
tanks  with  5  horsepower  Canadian  Fairbanks -Morse  centrifugal 
pumps  and  metered  by  Fischer-Porter  rotameters.  The  oil  and 
water  were  admitted  to  the  test  section  through  a  standard 
inch  aluminum  pipe  tee.  At  the  210  gallon  separator 
the  oil  and  water  separated  and  the  oil  was  decanted  into 
an  open  75  gallon  salt  tower  storage  tank.  The  oil  was 
then  pumped  from  the  storage  tank  by  a  small  Canadian  Fairbanks- 
Morse  centrifugal  pump  operated  by  a  \\  horsepower  electric 
motor  through  the  salt  tower  and  to  the  oil  storage  tank. 

The  salt  tower  was  14  inches  in  diameter,  5^  feet  tall  and 
was  packed  with  3^  feet  of  fine  and  rock  salt  (rock  salt  only 
for  tests  conducted  with  the  oil  of  150.17  centipoise  viscosity.). 

The  pressure  drop  was  measured  over  28.37  feet  of  the 
test  section  leaving  a  calming  section  of  approximately  8 
feet  before  the  lower  pressure  tap.  Total  pressure  drops 
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were  obtained  by  using  two  60  inch  manometers;  water 
over  carbon  tetrachloride  and  water  over  mercury.  Water 
was  obtained  as  the  lead  line  fluid  by  using  small  plastic 
oil-water  separators  at  both  pressure  taps.  The  flowing 
temperature  was  obtained  by  a  copper-constantan  thermocouple 
inserted  through  the  wall  of  the  test  section  at  the  mid¬ 
point. 

Figure  1  shows  a  schematic  diagram  of  the  apparatus 
while  Figures  2  and  3  are  photographs  of  sections  of  the 
equipment . 
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FIG.  1  SCHEMATIC  FLOW  DIAGRAM  OF  THE  EQUIPMENT 
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TOP  PLUG  VALVE  LINKAGE  AND  PRESSURE  MEASURING  TAP 


OIL-WATER  SEPARATOR  AND  SALT  TOWER 


FIGURE  2 
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WATER  AND  OIL  STORAGE  TANKS  AND  BOTTOM  PLUG  VALVE  LINKAGE 


FIGURE  3 
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IV  EXPERIMENTAL  PROCEDURE 

The  tests  were  conducted  at  seven  different  constant 
water  rates  with  both  the  oil  of  20.09  centipoise  viscosity 
and  the  oil  of  150.17  centipoise  viscosity.  At  each  con¬ 
stant  water  rate  the  oil  rate  was  varied  from  zero  to  the 
maximum  flow  allowed  by  the  pumping  capacity  available. 

A  test  was  conducted  by  first  setting  a  constant 
water  rate  on  one  of  the  water  rotameters  and  then  oil  was 
introduced  to  the  test  section  by  adjusting  the  appropriate 
oil  rotameter  to  the  required  reading.  When  steady  conditions 
prevailed  (as  indicated  by  a  stable  manometer  reading)  the 
flow  pattern  was  observed  and  the  pressure  drop,  midpoint 
temperature  and  ambient  temperature  were  recorded. 

The  test  section  oil  to  water  ratio  was  obtained  by 
closing  the  plug  valves.  For  the  oil  of  20.09  centipoise 
viscosity  and  the  oil  of  150.17  centipoise  viscosity  (for 
superficial  reference  phase  velocities  less  than  1.0  feet 
per  second)  the  oil  and  water  were  allowed  to  separate  and 
the  volume  of  each  phase  was  determined  by  observing  the 
position  of  the  interface  in  the  tube.  For  superficial 
reference  phase  velocities  1.0  feet  per  second  and  greater 
with  mixtures  of  the  oil  of  150.17  centipoise  viscosity  the 
test  section  oil  to  water  ratio  was  obtained  by  draining  the 
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tube  and  weighing  the  mixtures.  This  was  necessary  since 
separation  of  the  two  phases  took  a  lengthy  time  and  was 
incomplete . 
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V  EXPERIMENTAL  RESULTS 


The  experimental  and  calculated  data  are  tabulated 
in  appendices  A  and  B„  Table  A-l  of  appendix  A  lists  the 
properties  of  the  oils  studied  and  the  geometry  of  the  system. 

The  friction  factors  were  calculated  from  the  pressure 
drop  readings  by  using  the  equations  developed  by  Govier, 
Radford  and  Dunn  (14) 


'VRIX  = 


1  + 

i  +  rv  vx'R 


(±JL)  =  2  fR  Vr2 

^X-R  gcD 


(1) 

(2) 


where 

Rm  =  oil  to  water  mass  ratio,  lb.  per  lb. 

Rv  =  oil  to  water  volume  ratio,  cu.  ft.  per  cu.  ft. 

=  tube  length,  ft. 

v  =  specific  volume  of  the  reference  phase  (water) 
cu.  ft.  per  lb. 

"VR  =  total  pressure  drop,  ft.  of  water  per  ft.  of  tube. 
-A.X 
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pressure  drop,  due  to  friction,  ft.  of  water 
per  ft.  of  tube. 

superficial  two  phase  friction  factor,  based  on 
the  reference  phase  (water). 
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VR  = 

D  = 
Sc  = 


superficial  reference  phase  velocity,  based  on 
the  total  tube  crosssection,  ft.  per  sec. 
tube  diameter,  ft. 

dimensional  conversion  factor,  —  v-?3- — ^  L '  n 

9  lb.  (f)sec.2 


The  holdup  ratio,  Hn,  was  calculated  by  taking  the 
ratio  of  the  oil  to  water  in  the  input  mixture  to  the  oil 
to  water  in  the  insitu  mixture. 

The  calibration  data  for  the  water  and  oil  rotameters 
are  found  in  Tables  C-l,  C-2  and  C-3  of  appendix  C.  The  flow 
rates  for  the  oil  and  water  rotameters  are  expressed  in  mass 
rate  of  flow  per  second  and  are  shown  graphically  by  Figures 
C-l  to  C-9.  The  mass  rate  of  flow  divided  by  the  rotameter 
setting  is  plotted  versus  the  rotameter  setting. 

Interfacial  tensions  of  the  oil-water  mixtures  were 
also  determined.  The  method  used  is  outlined  in  Table  D-l 
of  appendix  D  and  the  values  found  for  the  two  mixtures  of 
this  investigation  and  for  the  mixture  studied  by  Sullivan 
(31)  are  listed  in  Tables  D-2,  D-3  and  D-4. 

Figures  4-17  are  the  graphical  representations  of  the 
calculated  data  contained  in  Tables  B-l  and  B-2  of  appendix 
B.  These  figures  show  the  total  unit  pressure  drop  and  holdup 
ratio  plotted  against  the  oil-water  input  ratio  for  each 
superficial  reference  phase  (water)  velocity  studied. 

The  unit  pressure  drop  curves  were  divided  into  Regimes 
according  to  the  method  employed  by  Govier,  Radford  and  Dunn 
(14) .  The  first  minimum,  maximum  and  second  minimum  of  the 
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unit  pressure  drop  curves  locate  the  end  of  Regimes  I, 

II  and  III  respectively. 

By  plotting  the  superficial  reference  phase  velocity 
versus  the  input  oil-water  ratio  the  loci  of  the  first 
minimum,  maximum  and  second  minimum  of  the  unit  pressure 
drop  curves  are  shown  in  Figures  18  and  19. 

Figures  26,  27  and  28,  showing  the  photographic 
observations  of  this  study,  illustrate  typical  flow  patterns 
observed  when  the  second  phase  was  the  oil  of  20.09  centipoise 
viscosity.  Photographs  were  not  taken  when  the  oil  of  150.17 
centipoise  viscosity  was  the  second  phase  since  the  flow  patterns 
were  similar. 
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VI  INTERPRETATION  OF  RESULTS 

A  Pressure  Drop 

Figures  4,  5,  6  and  7,  prepared  from  pressure  drop 
data  taken  when  the  oil  of  20.09  centipoise  viscosity  was 
the  second  phase,  indicate  that  for  superficial  reference 
phase  velocities  up  to  1.8  feet  per  second,  a  minimum,  a 
maximum  and  a  second  minimum  occur  in  the  unit  pressure  drop 
curve.  However,  only  for  superficial  reference  phase  velocities 
of  1.0  and  1.8  feet  per  second  were  the  maxima  and  second 
minima  pronounced.  No  minimum  occurred  in  the  unit  pressure 
drop  curves  for  superficial  reference  phase  velocities  of 
5.6  and  10.0  feet  per  second. 

The  behaviour  of  the  data  shown  by  Figures  11  to  15 
and  obtained  with  the  oil  of  150.17  centipoise  viscosity  as 
the  second  phase  is  in  sharp  contrast  to  that  of  the  less 
viscous  oil  in  that  no  maximum  or  second  minimum  existed  in 
any  of  the  unit  pressure  drop  curves. 

Sullivan  (31)  ,  who  conducted  tests  using  an  oil  of 
0.936  centipoise  viscosity  as  the  second  phase,  did  not  find 
a  maximum  or  a  second  minimum  until  a  superficial  reference 
phase  velocity  of  1.8  feet  per  second. 

Inspection  of  Figures  4  to  8  and  11  to  15  indicates 
that  there  is  a  general  decrease  in  the  unit  pressure  drop 
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with  an  increasing  oil  to  water  volume  ratio  as  the  flow 
pattern  changes  from  bubble  to  slug  and  finally  to  froth 
flow.  After  the  region  of  froth  flow  the  flow  pattern  be¬ 
comes  quite  stable  and  the  unit  pressure  drop  increases  al¬ 
most  linearly  as  the  oil  to  water  volume  ratio  increases. 

This  trend  may  possibly  result  from  the  mixture  behaving 
as  a  pseudo  homogeneous  phase. 

Except  for  the  curves  of  Figures  11  and  12  the  unit 
pressure  drop  curves  are  similar  in  shape  to  those  found 
by  Sullivan.  These  curves  exhibit  a  different  shape  because 
a  rapid  increase  in  the  pressure  drop  occurred  when  the 
second  phase  became  the  continuous  medium.  Since  no  maximum 
or  second  minimum  occurred  in  any  of  the  unit  pressure  drop 
curves  when  the  oil  of  150.17  centipoise  viscosity  was  used 
as  the  second  phase  it  would  appear  that  the  minimum  of  the 
unit  pressure  drop  curve  becomes  less  prominent  and  finally 
disappears  with  second  phase  fluids  of  increasing  viscosity. 

Figure  18  shows  that  a  linear  relationship  exists  between 
the  first  minimum  of  the  unit  pressure  drop  curves  and  the 
superficial  reference  phase  velocity  up  to  1.0  feet  per  second, 
but  beyond  this  reference  phase  rate  the  loci  of  the  first 
minimum  yields  a  lower  value  of  the  oil  to  water  volume  ratio 
than  if  the  linear  relationship  was  continued.  At  any  constant 
superficial  reference  phase  velocity,  no  systematic  change  in 
the  oil  to  water  volume  ratio  at  which  the  first  minimum  occurred 


- 


.  .  •  ;  :  •  -i f,,".  .  .  ,,  i.  ^u- 

. 

...  ■  I:!  :  r 

.  :  .  :  '  v:  :  ■-  .  .  .  , 

:  . '  o'.  ■  r'.  ...1  .  ... 

. 

....  '0 :  . 

. '.  .  ,  . .  '■  : 

<y.  v.  x  ■  • 

w  •  A  X 

r".  . .:  .  X  ..  .  .  . ..  .  .  .  ,  ..  v. 

.  .  ~  .  o  r.  ... 

tx  .  ' .  :  .  . .  ■  :  .  .  ,  ' 

.  :  :  ■.  ..  ...  •.  ■  •;  > 

...  -  loi  .  j  :  :  :  .  .  .  '  .  .  . 

:  '  .  .  .  ■  . 

* 

.  . ■ 

'  ...  .  "  :.  ".v. l:  ..  o  J:  r  \/X  "  :  r;  .■ 


d .; 

.  . 

:>  c 

•  : 

51 


was  found  individually  with  respect  to  the  absolute  viscosity, 

kinematic  viscosity  or  density. 

The  loci  of  the  first  minima  were  correlated  by 

preparing  a  cross  plot  of  the  difference  in  density  of  the 

two  phases  versus  the  oil  to  water  input  ratio,  Ry,  on  semi- 

logarithmic  co-ordinates.  Figure  20,  which  shows  that  a 

single  line  relationship  exists  between  and  e^C^s1-12 

Rv  1.12 


~  second  phase  viscosity,  _ iki _  )  on  logarithmic 

ft.  sec. 

co-ordinates,  represents  the  final  correlation  valid  up  to 
a  superficial  reference  phase  velocity  of  5.6  feet  per  second. 
The  oil  to  water  volume  ratio  at  which  the  first  minimum  of 
the  unit  pressure  drop  curve  occurs  can  be  predicted  when 
the  density  of  both  phases,  the  viscosity  of  the  second  phase 
and  the  flow  rate  of  the  reference  phase  are  known.  Since  no 
other  applicable  two  phase  (liquid-liquid)  data  has  been  found 
to  check  the  correlation  of  Figure  20  it  must  be  considered 
applicable  only  for  the  range  of  variables  studied. 

Figure  19  shows  the  loci  of  the  maxima  and  the  second 
minima  of  the  unit  pressure  drop  curves  for  second  phase 
viscosities  of  20.09  and  0.936  (31)  centipoise.  The  dotted 
portions  of  the  curves  are  sketched  to  indicate  that  the 
maximum  and  second  minimum  coincide  at  approximately  the  in¬ 
dicated  reference  phase  velocity.  It  should  be  noted  that 
except  for  the  two  regions  where  there  is  a  convergence  of 
the  loci  of  the  maxima  and  second  minima  an  approximately 
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linear  relationship  exists  between  the  superficial  reference 
phase  velocity  and  the  oil  to  water  volume  ratio  for  each 
second  phase.  No  correlation  was  possible  because  there  was 
not  sufficient  overlapping  of  the  data  for  the  range  of 
variables  studied. 

Figures  21,  22,  and  23  show  the  superficial  two 
phase  friction  factor,  f£,  plotted  versus  DVR  with  a  para¬ 
meter  of  superficial  second  phase  velocity.  The  dotted 
portions  of  these  figures  at  low  second  phase  rates  are 
based  upon  extrapolated  values.  Figures  22  and  23,  the 
graphical  representations  of  the  pressure  drop  data  for 
the  oils  of  20.09  and  150.17  centipoise  viscosity  respectively, 
show  that  there  is  curvature  in  the  series  of  loci  which 
represent  friction  factors  for  constant  superficial  second 
phase  velocities.  The  curvature  is  most  pronounced  in  the 
intermediate  range  of  superficial  second  phase  velocities 
and  almost  disappears  at  velocities  of  about  10.0  feet  per 
second  (Figure  23) .  This  latter  tendency  may  result  from 
the  mixture  beginning  to  act  as  a  pseudo  homogeneous  phase. 
Further  indication  that  this  may  in  fact  be  the  case  is  evident 
from  observing  the  curvature  in  the  region  of  high  reference 
phase  velocities  where  there  is  a  tendency  of  the  two  phase 
friction  factor  to  blend  with  the  single  phase  friction  factor. 
Figure  21  also  shows  that  similar  behaviour  of  the  two  phase 
friction  factor  occurred  x^hen  Sullivan  (31)  used  an  oil  of 
0.936  centipoise  viscosity  as  the  second  phase. 
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The  effect  of  second  phase  viscosity  is  shown  by 
Figure  24  which  compares  the  friction  factors  at  constant 
superficial  reference  phase  velocities  for  each  second  phase. 

Only  at  high  superficial  second  phase  velocities  for  the  two 
low  superficial  reference  phase  velocities  of  0.10  and  0.32 
feet  per  second  did  an  increase  in  the  second  phase  viscosity 
increase  the  pressure  drop  due  to  friction  as  shown  by  the 
upper  right  portion  of  Figure  24.  A  check  of  the  flow  pattern 
existing  in  the  region  of  low  reference  phase  rates  and  high 
second  phase  rates  revealed  that  the  second  phase  was  the 
continuous  medium  (mist  flow) .  It  would  appear  that  the 
pressure  drop  is  almost  independent  of  the  second  phase 
viscosity  provided  the  reference  phase  is  the  continuous 
medium.  Charles  (4)  in  a  horizontal  pipe  line  study  of  oil- 
water  mixtures  also  found  that  the  pressure  gradient  was 
independent  of  the  second  phase  viscosity  unless  the  second 
phase  became  continuous.  An  interesting  characteristic  of 
the  oil-water  system  is  indicated  by  the  decreasing  slope  of 
the  constant  oil  composition  lines.  Thus  for  a  mixture  of 
constant  oil  content,  increases  in  the  mass  flow  rate  have 
a  diminishing  effect  on  the  friction  factor. 

The  first  minimum,  maximum  and  second  minimum  loci 
shown  on  Figure  24  for  the  oil  of  20.09  centipoise  viscosity 
indicate  that  the  superficial  second  phase  velocity  at  which 
inflections  in  the  unit  pressure  drop  curves  occur  is  practically 
independent  of  the  superficial  reference  phase  velocity  up  to 
about  1.0  feet  per  second. 
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Examination  of  the  loci  of  the  friction  factors  for 
a  superficial  reference  phase  velocity  of  0.32  feet  per 
second  indicates  that  there  is  a  marked  difference  in  magni¬ 
tude  of  the  friction  factors  for  the  two  oils  of  this  study 
compared  to  those  found  by  Sullivan  with  the  oil  of  0.936 
centipoise  viscosity.  Although  the  oil  viscosity  range  is 
from  0.936  to  150.17  centipoise  it  would  seem  logical  to 
assume  that  if  the  viscosity  of  the  second  phase  alone  caused 
this  difference  a  somewhat  similar  effect  should  be  evident 
for  a  superficial  reference  phase  velocity  of  0.10  feet  per 
second  and  possibly  even  at  rates  higher  than  0.32  feet  per 
second.  Since  the  friction  factors  in  this  investigation 
have  been  calculated  according  to  the  method  of  Govier,  Radford 
and  Dunn  (14)  which  neglects  any  energy  change  associated  with 
interfacial  surface  it  is  possible  that  the  difference  in  the 
friction  factors  may  be  caused  by  a  surface  effect.  The 
interfacial  tension  of  the  oil  of  0.936  centipoise  viscosity 
with  water  was  35.25  dynes  per  centimeter  while  the  other 
two  oils  of  20.09  and  150.17  centipoise  viscosity  exhibited 
interfacial  tensions  of  50.23  dynes  per  centimeter  and  49.80 
dynes  per  centimeter  respectively.  Martinelli  and  coworkers 
(20)  concluded  that  the  surface  tension  of  the  gas-liquid 
system  did  not  affect  the  pressure  drop  but  did  affect  the 
flow  pattern.  Dunn  (7)  found  that  when  a  reagent  was  added 
to  lower  the  surface  tension  that  the  pressure  drop  decreased 
by  only  a  small  amount.  Charles,  who  studied  the  behaviour 
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of  three  oil-water  mixtures  in  a  horizontal  pipe,  also  found 
inexplicable  behaviour  with  one  mixture  which  exhibited  a 
lower  interfacial  tension.  Considering  particularly  the 
findings  of  Dunn  and  Charles,  coupled  with  the  fact  that 
the  interfacial  tension  exhibited  by  the  0.936  centipoise 
viscosity  oil-water  mixture  was  about  15  dynes  per  centimeter 
less  than  that  of  the  other  two  oil-water  mixtures  it  is 
possible  that  interfacial  tension  may  affect  the  pressure  drop. 

The  only  work  known  to  the  author  that  deals  with  the 
vertical  flow  of  two  immiscible  liquids  is  that  of  Finnigan 
(9)  who  used  emulsions  of  solvent  and  water.  The  emulsions 
were  prepared  by  vigorous  agitation  and  pumping  prior  to 
conducting  the  tests.  Figure  25  shows  the  calculated  data 
of  Finnigan  compared  to  the  results  obtained  from  the  oil 
of  20.09  centipoise  viscosity  of  this  investigation.  The  loci 
of  Figure  25  show  that  only  in  a  narrow  range  of  superficial 
reference  phase  velocities  is  there  agreement  between  the  two 
sets  of  calculated  friction  factors.  The  graphical  comparison 
of  the  two  sets  of  data  also  indicates  that  with  an  increase 
in  the  volume  of  the  second  phase  in  the  mixture  the  region 
of  agreement  decreases  until  there  is  no  agreement.  It  is 
interesting  to  note  that  in  the  region  of  approximate  agree¬ 
ment  the  flow  is  either  bubble,  slug  or  froth,  but  in  no  case 
is  the  flow  pattern  a  mist  or  an  emulsion.  Examination  of 
Figure  25  also  shows  that  when  Finnigan' s  data  was  calculated 
according  to  the  method  of  Govier,  Radford  and  Dunn  (14)  friction 
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factors  less  than  those  for  water  flowing  alone  were  obtained. 
Although  the  diameter  of  Finnigan's  flow  section  was  0.05838 
feet  while  the  diameter  of  the  pipe  used  in  this  study  was 
0.0865  feet,  it  does  not  seem  possible  that  the  lack  of 
agreement  of  the  friction  factors  is  caused  by  this  difference. 
Finnigan's  data  shows  considerable  scatter  at  low  solvent 
volume  compositions  and  variations  up  to  100  percent  in  the 
pressure  drop  readings  (millimeters  of  carbon  tetrachloride) 
for  the  same  flow  rate.  It  is  possible  that  this  scatter  may 
be  the  result  of  unstable  emulsions. 

It  would  appear  that  pressure  drop  data  obtained  from 
the  flow  of  an  emulsion  of  two  immiscible  liquids  is  not 
comparable  to  data  obtained  by  admitting  two  immiscible  liquids 
separately  and  simultaneously . 

B  Flow  Pattern 

Since  the  flow  patterns  observed  in  the  oil-water 
system  are  somewhat  different  than  those  described  for  the 
air -water  system  it  seems  advisable  to  first  define  as  best 
possible  the  forms  of  flow  that  were  observed. 

At  low  oil-water  input  ratios  there  was  no  evident 
circulation  as  the  reference  phase  moved  upward  carrying  the 
second  phase  in  the  form  of  individual  bubbles  of  various 
sizes.  This  type  of  flow  was  defined  as  bubble  flow. 

With  increased  second  phase  input  for  a  constant 
reference  phase  rate  there  was  a  grouping  of  the  bubbles  into 
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large  pistons  which  resembled  projectiles  with  the  leading 
face  possessing  a  parabolic  outline.  In  this  type  of  fLow 
the  slug,  as  the  form  of  the  second  phase  shall  be  called, 
was  followed  by  drops  of  the  second  phase  dispersed  in  the 
reference  phase  and  in  turn  followed  by  another  slug.  At 
the  same  time  the  second  phase  slug  contained  drops  of  the 
reference  phase.  This  type  of  flow  was  called  slug  flow. 

The  slugs  broke  up  when  the  amount  of  second  phase 
admitted  to  the  flow  section  was  further  increased  and  a 
semi-continuous  flow  of  the  second  phase  dispersed  with 
bubbles  of  the  reference  phase  was  noted.  However,  there 
was  still  some  of  the  reference  phase  surrounding  the  second 
phase  but  in  a  random  position.  As  the  amount  of  second 
phase  admitted  was  increased  still  further  more  reference 
phase  was  pulled  from  the  wall  of  the  tube  and  the  reference 
phase  was  then  present  in  sufficient  amount  to  form  large 
irregular  shaped  bubbles.  This  type  of  flow  was  best  des¬ 
cribed  as  being  froth  flow. 

Finally  with  large  oil  to  water  ratios  the  reference 
phase  became  entrapped  in  the  second  phase  which  had  become 
continuous.  The  reference  phase  bubbles  were  initially  large 
and  irregular  in  shape,  but  with  increased  shear  from  admitting 
more  second  phase  the  bubbles  were  reduced  in  size  and  became 
more  nearly  spherical.  Mist  flow  was  used  to  describe  the 
type  of  flow  observed  at  high  oil  to  water  ratios.  Mist  flow 
was  observed  only  for  the  lower  reference  phase  rates.  At  high 
reference  phase  rates  and  high  oil-water  input  ratios  there 
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was  no  visible  flow  pattern  and  the  phases  appeared  to  be 
emulsified.  From  these  characteristics  of  the  oil-water 
mixture  it  was  considered  to  flow  as  an  emulsion. 

Figures  26,  27  and  28  show  the  photographic  observa¬ 
tions  made  in  this  investigation  for  superficial  reference 
phase  velocities  of  0.10,  0.32  and  1.0  feet  per  second. 
Photographs  were  taken  only  for  the  oil  of  20.09  centipoise 
viscosity  as  the  second  phase  since  the  flow  patterns  exhibited 
with  the  more  viscous  oil  were  similar. 

Figures  26a,  27a  and  28a,  showing  bubble  flow,  indicate 
that  the  size  and  random  arrangement  of  bubbles  of  the  second 
phase  in  the  continuous  reference  phase  are  independent  of 
reference  phase  rates  up  to  1.0  feet  per  second.  Closer 
examination  shows  that  the  shape  of  the  bubbles  has  become 
somewhat  more  irregular  with  the  increased  drag  due  to  a 
progressively  larger  superficial  reference  phase  velocity. 

Visual  observation  of  bubble  flow  with  the  oil  of  150.17 
centipoise  viscosity  as  the  second  phase  indicated  that  there 
was  no  significant  change  in  bubble  size.  This  is  in  agree¬ 
ment  with  work  of  Kessie  and  Rushton  (16)  who  found  from  studies 
of  the  degredation  of  an  oil  jet  in  water  that  even  with  a 
thirteen  fold  increase  in  the  viscosity  of  the  phase  forming 
the  bubble  the  effect  on  the  diameter  was  negligible.  The 
bubble  motion  appeared  to  be  from  wall  to  wall  of  the  tube  in 
a  general  zig-zag  pattern.  This  behaviour  is  possibly  explained 
by  Garner  (12)  who  concluded  from  studies  using  a  quiescent 
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continuous  medium  that  minute  impurities  (eg.  grease,  oil) 
caused  the  bubbles  to  follow  a  zig-zag  pattern  rather  than 
the  expected  helical  pattern  of  rise. 

It  should  be  realized  that  the  individual  forms 
(eg.  bubbles)  in  Figures  26,  27  and  28  are  distorted  because 
of  the  curved  surface  of  the  tube  and  the  differing  refractive 
indices  of  the  two  mediums. 

One  predominate  characteristic  of  slug  flow  which  is 
shown  by  Figures  26b,  27b  and  28b,  and  not  reported  for  the 
air-water  system,  is  the  existence  of  small  drops  of  the 
reference  phase  imbedded  in  the  second  phase  slug.  Figure 
28b  indicates  that  a  higher  reference  phase  rate  cause  in¬ 
creased  turbulence  which  tends  to  break  up  the  slug. 

The  start  and  termination  of  froth  flow  is  shown  for 
a  superficial  reference  phase  velocity  of  0.10  feet  per  second 
by  Figures  26c  and  26d  and  for  a  reference  phase  rate  of  0.32 
feet  per  second  by  Figures  27c  and  27d.  The  characteristics 
are  evident,  that  is  the  breaking  of  the  second  phase  slug 
and  the  tendency  of  the  second  phase  to  become  the  continuous 
medium.  The  effect  of  an  increased  superficial  reference 
phase  velocity  causing  smaller  reference  phase  bubbles  is 
evident  when  Figure  27d  and  Figure  26d  are  compared. 

The  trend  to  smaller  bubbles  caused  by  increased  shear 
is  also  shown  by  Figures  26e ,  26f,  27e  and  27f  which  illustrate 
the  characteristics  of  mist  flow  for  superficial  reference 
phase  velocities  of  0.10  and  0.32  feet  per  second. 
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The  characteristics  of  the  flow  illustrated  by  Figures 
28c,  28d  and  28e  indicate  that  the  mixture  had  become  emulsi¬ 
fied  due  to  the  high  shear  forces  resulting  from  large  flow 
rates.  At  superficial  reference  phase  rates  of  1.0  feet 
per  second  and  greater  the  flowing  mixture  was  a  milky  white 
color  and  the  phases  took  a  much  longer  time  to  separate. 
According  to  Sumner  (32) ,  when  an  aqueous  liquid  is  mixed 
with  an  oil  a  white  or  creamy  emulsion  results  due  to  the 
differing  refractive  indices  and  optical  dispersive  powers 
of  the  two  phases.  If  an  oil-water  emulsion  exhibits  a 
white  or  creamy  color  the  droplet  size  is  in  the  range  1 
to  50 yCC  (2,  33).  From  visual  and  photographic  observations 
it  appears  advisable  to  limit  the  designation  of  mist  flow 
to  flow  patterns  where  the  minute  droplets  of  the  reference 
phase  are  discernable  in  the  continuous  second  phase. 

Figures  29,  30  and  31  indicate  that  bubble  and  slug 
flow  are  characteristic  of  Regime  I  of  the  unit  pressure  drop 
curves  for  second  phase  viscosities  up  to  150  centipoise. 
Examination  of  Figure  30  shows  that  the  loci  of  the  first 
minimum,  maximum  and  second  minimum  lie  almost  entirely  in 
the  region  of  froth  flow.  Although  the  unit  pressure  drop 
curves  obtained  using  the  oil  of  150.17  centipoise  viscosity 
exhibit  only  a  minimum,  the  loci  of  this  minimum  is  found 
to  lie  in  the  region  of  froth  flow  as  indicated  by  Figure  31. 
It  can  be  concluded  that  even  for  a  change  in  second  phase 
viscosity  from  20..09  to  150  centipoise  the  loci  of  the  minima 
and  maximum  will  fall  in  the  region  of  froth  flow. 
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The  expressions  proposed  by  Koslov  (17)  to  predict 
the  boundaries  for  each  flow  pattern  in  gas-liquid  flow 
were  checked  but  there  was  no  agreement  between  the  predicted 
and  experimental  oil  to  water  input  ratios. 

It  should  be  remembered  that  all  flow  pattern  tran¬ 
sitions  were  fixed  only  by  visual  observation  and  the  inherent 
error  of  human  judgement  is  present. 

C  Holdup  Ratio 

Lack  of  existence  of  pressure  drop  Regimes  II  and  III 
for  the  mixtures  studied  necessitated  that  the  holdup  ratio 
be  treated  on  the  basis  of  Regimes  I-III  and  Regime  IV. 

Figures  32,  33  and  34  indicate  that  as  the  superficial 
reference  phase  velocity  increases  the  holdup  ratio  decreases 
for  a  constant  second  phase  superficial  velocity  in  Regimes 
I-III. 

The  holdup  ratio  for  superficial  reference  phase 
velocities  greater  than  1.0  feet  per  second  is  seen  to  lie 
generally  in  the  range  1.0  to  1.5  as  shown  by  Figures  32, 

33  and  34.  The  range  of  the  holdup  ratios  for  superficial 
reference  phase  velocities  of  0.10  and  0.32  feet  per  second 
cannot  be  specified.  However,  consideration  of  the  flow 
patterns  shows  that  the  holdup  ratios  decrease  to  minimum 
values  in  the  region  of  slug  flow  and  increase  to  maximum 
values  corresponding  to  froth  flow.  The  minimum  holdup  ratio 
values  which  occur  during  slug  flow  are  in  agreement  with  the 
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findings  of  Cromer  and  Huntington  (5)  who  stated  that 
maximum  efficiency,  that  is  minimum  slippage  of  the  two 
phases,  was  characterized  by  slug  flow. 

When  the  second  phase  was  the  oil  of  20.09  centipoise 
viscosity  a  rapid  decrease  in  the  holdup  ratio  from  values 
of  approximately  3.0  to  about  0.75  occurred.  The  holdup 
ratio  less  than  unity  was  a  result  of  the  second  phase 
becoming  the  continuous  medium.  A  holdup  ratio  less  than 
unity  indicated  that  the  reference  phase  was  slipping  by 
the  less  dense  second  phase.  Similar  results  were  obtained 
by  Charles  (4)  in  a  study  of  the  behaviour  of  oil-water 
mixtures  in  a  horizontal  flow  section.  The  flow  pattern, 
that  is,  which  phase  forms  the  continuous  medium,  appears  to 
be  the  determining  factor  as  to  whether  the  holdup  ratio  will 
be  greater  or  less  than  unity  for  oil-water  mixtures.  This 
behaviour  can  be  explained  by  realizing  that  the  velocity  at 
the  axis  of  the  tube  is  greater  than  at  the  wall  and  since 
the  dispersed  phase  is  concentrated  primarily  in  the  center 
of  the  tube  it  will  slip  by  the  slower  phase  which  is  in 
contact  with  the  wall  of  the  tube. 

The  holdup  ratio  with  the  oil  of  150.17  centipoise 
viscosity  as  the  second  phase  was  found  to  lie  in  the  range 
2.0  to  3.0  for  both  0.10  and  0.32  feet  per  second  superficial 
reference  phase  velocities  as  indicated  by  Figure  34.  Pressure 
drop  Regimes  II  and  III  were  not  obtained  and  the  second  phase 
did  not  become  the  continuous  medium  until  Regime  IV. 
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In  Regime  IV,  except  when  the  second  phase  is  the  oil 
of  20.09  centipoise  viscosity,  the  holdup  ratios  show  no 
systematic  change  with  respect  to  the  superficial  reference 
phase  velocities.  Figure  36  indicates  that  for  superficial 
reference  phase  velocities  of  1.0  feet  per  second  and  greater 
there  is  a  decrease  in  the  holdup  ratio  with  increasing  amounts 
of  the  reference  phase  at  a  constant  superficial  second  phase 
velocity.  At  superficial  reference  phase  velocities  from  1.0 
to  5.6  feet  per  second  the  second  phase  viscosity  shows  no 
effect  on  the  value  of  the  holdup  ratio  in  Regime  IV  and 
generally  will  lie  between  1.0  and  1.5.  With  a  0.936  centipoise 
viscosity  second  phase,  Sullivan  (31)  found  that  even  at  low 
superficial  reference  phase  velocities  the  holdup  ratios  were 
between  1.0  and  1.5.  This  is  illustrated  by  Figure  35. 

Figures  36  and  37  indicate  that  at  the  two  low  super¬ 
ficial  reference  phase  velocities  and  high  superficial  second 
phase  velocities  holdup  ratios  less  than  unity  result.  This,  as 
explained  with  regard  to  similar  behaviour  in  Regimes  I-III,  is 
a  direct  result  of  the  velocity  profile  and  the  distribution  of 
the  reference  phase  in  the  continuous  second  phase.  The  sharp 
decrease  in  holdup  ratios  for  superficial  reference  phase 
velocities  of  0.10  and  0.32  feet  per  second  shown  by  Figure  37 
occurred  when  the  second  phase  became  the  continuous  medium. 

No  limiting  value  of  the  holdup  ratio  can  be  established 
since  the  flow  pattern  influences  the  amount  of  slippage  of 
the  phases. 
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VII  CONCLUSIONS 

(1)  The  upward  vertical  flow  of  oil-water  mixtures 
has  been  studied  using  white  oils  of  20.09  and  150.17 
centipoise  viscosity.  Pressure  drop  and  holdup  data  for 
each  oil  were  taken  at  seven  reference  phase  velocities 
ranging  from  0.10  to  10.0  feet  per  second.  The  maximum 
superficial  second  phase  velocity  was  10.93  feet  per  second 
for  the  oil  of  20.09  centipoise  viscosity  and  6.36  feet  per 
second  for  the  more  viscous  oil. 

(2)  The  shape  of  the  unit  pressure  drop  curves  was 
similar  to  those  of  Sullivan  (31),  except  for  the  curves 
obtained  at  superficial  reference  phase  velocities  of  0.10 
feet  per  second  and  0.32  feet  per  second  when  the  oil  of 
150.17  centipoise  viscosity  was  the  second  phase.  At  high 
oil-water  input  ratios  the  second  phase  replaced  the  reference 
phase  as  the  continuous  medium.  The  marked  increase  in 
pressure  drop  which  accompanied  this  transition  caused  the 
curves  to  be  of  different  shape. 

(3)  The  effect  of  second  phase  viscosity  on  the  friction 
factor,  f^,  was  found  to  be  negligible  at  superficial  reference 
phase  velocities  greater  than  1.0  feet  per  second  for  the  range 
of  variables  investigated  in  this  study.  There  is,  however, 

an  effect  of  viscosity  at  high  oil-water  input  ratios  at  the 
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lower  superficial  reference  phase  velocities.  Using 
Figure  24  and  the  two  basic  equations  (1)  and  (2)  the  total 
pressure  drop  can  be  calculated  for  oil-water  mixtures  for 
second  phase  viscosities  up  to  150  centipoise.  Caution  should 
be  exercised  in  applying  predictions  for  superficial  reference 
phase  velocities  less  than  1.0  feet  per  second  since  it  appears 
that  interfacial  tension  may  be  a  significant  factor  affecting 
the  pressure  drop  in  this  region. 

(4)  Data  from  the  literature  (9)  for  emulsion  flow  of  two 
immiscible  liquids  was  found  to  be  inapplicable  to  the  results 
of  this  investigation. 

(5)  The  flow  patterns  observed  were  defined  as  bubble, 
slug,  froth  and  mist.  At  high  flow  rates,  however,  no  distinct 
pattern  was  visible  as  the  mixture  formed  an  emulsion. 

(6)  Bubble  and  slug  flow  always  occurred  in  Regime  I  of  the 
unit  pressure  drop  curve.  The  maximum  and  second  minimum  of 
the  unit  pressure  drop  curves  were  found  to  occur  in  the  region 
of  froth  flow  when  the  oil  of  20.09  centipoise  viscosity  was 
the  second  phase.  The  unit  pressure  drop  curves  obtained 
using  the  oil  of  150.17  centipoise  viscosity  exhibited  only 

a  minimum  which  tended  to  indicate  that  perhaps  with  an  ex¬ 
tremely  viscous  second  phase  there  would  be  no  inflections  in 
the  unit  pressure  drop  curves. 

(7)  The  first  minimum  of  the  unit  pressure  drop  curve  was 
correlated  by  Figure  31  but  the  correlation  can  only  be 
considered  valid  for  the  range  of  variables  encountered  in 
this  investigation. 
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(8)  Holdup  ratios  less  than  unity  were  obtained  in  this 
study,  although  this  type  of  behaviour  has  not  been  found 
for  air -water  systems.  This  appears  to  be  a  result  of  the 
distribution  of  the  reference  phase  in  the  flow  section  such 
that  it  possesses  a  higher  average  velocity  than  the  continuous 
second  phase. 

(9)  From  studies  now  in  progress  which  are  concerned  with 
the  effect  of  interfacial  tension  and  the  mechanics  of  flow 
in  a  two  phase  system  it  is  anticipated  that  more  general 
correlations  will  be  developed. 
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NOMENCLATURE 


D  =  pipe  diameter,  ft. 

=  superficial  two  phase  friction  factor,  based  on  the 
liquid  phase. 


§c 


superficial  two  phase  friction  factor,  based  on  the 
reference  phase. 


dimensional  conversion  factor, 


lb. (m)f t . 
lb . (f ) sec . 2 


Hr  =  holdup  ratio,  dimensionless. 

Rm  =  mass  ratio,  a— r —  or  jj.r— °.4j: 

lb.  water  lb.  water 

Rv  =  volume  ratio,  f or 

ft .  3water  ft.dwater 


P  =  pressure,  lbs.  per  sq.  ft.  absolute. 

Vq  =  superficial  gas  velocity,  based  on  the  total  tube 
cross  section,  ft.  per  sec. 


=  superficial  liquid  velocity,  based  on  the  total  tube 
cross  section,  ft.  per  sec. 

VR  =  superficial  reference  phase  velocity,  based  on  the  total 
tube  cross  section,  ft.  per  sec. 


Vs  =  superficial  second  phase  velocity,  based  on  the  total 
tube  cross  section,  ft.  per  sec. 


v^  =  specific  volume  of  the  liquid,  cu.  ft.  per  lb. 
vR  =  specific  volume  of  the  reference  phase,  cu.  ft.  per  lb. 
=  tube  length,  ft. 


absolute  viscosity  of  the  second  phase,  centipoise 
or  lb » (m) 
ft. sec. 


density,  lb.  per  cu. 


ft. 


Subscripts 
G  =  gas  phase 
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L  =  liquid  phase. 

R  =  reference  phase  (water) . 
S  =  second  phase. 
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APPENDIX  A 
EXPERIMENTAL  DATA 

The  physical  properties  of  the  oils  of  this  investi¬ 
gation  are  listed  in  Table  A-l  as  well  as  the  geometry  of 
the  system  and  an  explanation  of  the  test  symbols. 

Experimental  data  for  the  20.09  cp.  viscosity  oil- 
water  system  are  presented  in  Table  A-2  and  the  data  for  the 
150.17  cp.  viscosity  oil-water  system  are  tabulated  in  Table  A-3. 


Column 


Content 


1 


Test  number. 


2  Water  rate  in  cubic  feet  per 

second  calculated  at  the  mid¬ 
point  temperature. 

3  Oil  rate  in  cubic  feet  per 

second  calculated  at  the  mid¬ 
point  temperature. 

4  Discharge  oil  to  water  ratio, 

cubic  feet  of  oil  per  cubic  feet 
of  water,  obtained  by  dividing 
column  3  by  column  2. 

5  Test  section  oil  to  water  ratio, 

found  by  reading  the  height  of 
water  in  the  tube,  converting 

to  volume  and  obtaining  the 

amount  of  oil  by  difference. 

6  Unit  pressure  drop,  feet  of 

water  per  foot  of  tube,  obtained 
by  converting  the  readings  from 
the  manometer. 

7  Mid-point  temperature,  °F, 

determined  by  a  copper-constantan 
thermocouple  inserted  through 
the  tube  wall. 

8  Viscosity  of  the  oil,  in  centi- 

poise,  read  from  a  viscosity 
versus  temperature  graph. 
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TABLE  A-l 
AUXILIARY  DATA 


I.  PHYSICAL  PROPERTIES  OF  THE  OILS  AT  AVERAGE  TEST 

CONDITIONS 


(a)  Marcol  GX  (Imperial  Oil  Designation) 

*  Viscosity:  20.09  Centipoise  @  72.0°F 

Density:  53.00  Lbs.  Per.  Cu.  Ft.  @  72.0°F 

(b)  Primol  D  (Imperial  Oil  Designation) 

*  Viscosity:  150.17  Centipoise  @  76.6°F 

Density:  54.88  Lbs.  Per.  Cu.  Ft.  @  76.6°F 


II.  GEOMETRY  OF  THE  SYSTEM 
Tube  Diameter: 

Test  Section  Length: 

Calming  Section  Length: 
Volume  Between  Plug  Valves: 


0.0865  Feet 
28.37  Feet 
8  Feet 
6000  cm. ^ 


HI.  TEST  SYMBOLS 

(a)  20.09  cp.  Viscosity  Oil 

Superficial  Reference 

Symbol  Phase  Velocity  (Ft,  \ 

sec . ' 


AA 

0.10 

AB 

0.32 

AC 

1.0 

AD 

1.8 

AE 

3.2 

AF 

5.6 

AG 

10.0 

(b)  150.17  cp.  Viscosity  Oil 

Superficial  Reference 
Symbol  Phase  Velocity  /Ft.  v 

vsec  . J 


BA 

0.10 

BB 

0.32 

BC 

1.0 

BD 

1.8 

BE 

3.2 

BF 

5.6 

BG 

10.0 

*  Oil  designation  used  in  this  dissertation 


EXPERIMENTAL  DATA 
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APPENDIX  B 
CALCULATED  DATA 


The  results  of  calculations  using  the  data  of 
Tables  A-2  and  A-3  are  tabulated  in  Tables  B-l  and  B-2 


respectively . 
Column 


1 

2 


3 


Content 


Test  number. 

Unit  pressure  drop,  Vn^, 
feet  of  water  per  foot^x 
of  tube . 

Hydrostatic  head  component  of 
the  unit  pressure  drop,  1  +  Rm. 
feet  of  water  per  1  +  Rv 

foot  of  tube. 


4 


5 


6 


Irreversibility  component  of  the 
unit  pressure  drop,  1  F 

feet  of  water  1  +  Rv  ^  X '  R 

per  foot  of  tube. 


Two  phase  friction  factor,  f^, 
based  on  the  superficial  reference 
phase  velocity  as  defined  by 

-  2fR  V 

R  ScD 


Pressure  drop  regime,  as  defined 
by  the  shape  of  the  unit  pressure 
drop  curves. 


Holdup  ratio,  defined  as  the 
discharge  oil  to  water  ratio 
divided  by  the  test  section  oil 
to  water  ratio. 
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APPENDIX  C 

(1)  Rotameter  Calibration  Data  -  Water 

(2)  Rotameter  Calibration  Data  -  20.09  cp.  Viscosity  Oil 

(3)  Rotameter  Calibration  Data  -  150.17  cp.  Viscosity  Oil 
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APPENDIX  C 

ROTAMETER  CALIBRATIONS 

The  water  and  oil  rotameters  were  calibrated  by 
timing  a  weighed  flow.  The  liquid  was  pumped  at  a  steady 
rate  through  the  rotameter  to  be  calibrated  and  the  discharge 
flow  weighed  with  a  platform  scale.  The  collection  time  was 
obtained  with  a  stopwatch. 

The  data  for  the  rotameter  calibrations  are  given  in 
Tables  C-l,  C-2,  and  C-3  and  presented  graphically  in  Figures 
C-l  to  C-9.  The  mass  rate  of  flow  was  divided  by  the  rota¬ 
meter  reading  and  plotted  against  the  rotameter  reading  for 
increased  sensitivity  of  the  calibration  curves. 
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APPENDIX  D 


(1)  Measurement 

(2)  Interfacial 

(3)  Interfacial 

(4)  Interfacial 


of  Interfacial  Tension 
Tension  Data,  0.936  cp.  Viscosity  Oil 
Tension  Data,  20.09  cp.  Viscosity  Oil 
Tension  Data,  150.17  cp.  Viscosity  Oil 
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APPENDIX  D 

INTERFACIAL  TENSION  MEASUREMENTS 

Table  D-l  shows  a  sketch  of  the  surface  tension 
apparatus  used  for  the  measurements  and  the  applicable 
equations . 

The  measurements  and  calculated  results  for  the 
two  oils  of  this  study  and  the  0.936  cp.  viscosity  oil 
of  Sullivan's  (31)  investigation  are  recorded  in  Tables 
D-2,  D-3,  D-4. 
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Measurement  of  Interfacial  Tension 
By  The  Capillary  Method  (  1  ) 


Surface  Tension  Apparatus: 
Bartell  -  Miller 


h 


Force  Balance  (c.g.s.  system) 

'"o  TD?  =hl/w  y 


+  ^  TT  D 


“  ?  (h  7^o  -  h1  7^w) 


where 


^  =  Interfacial  Tension  (dynes>. 

cm.  y 

D  =  Diameter  of  the  Capillary  (Determined  to  be  0.0880  cm.) 
h  =  Height  of  the  Air-Oil  Interface  above  the  oil-water 
Interface  (cm.) 

h^=  Height  of  the  Air -Water  Interface  above  the  oil- 

water  Interface  (cm.) 

7^ o=  Oil  Density  (-S^ox 

cm. 

7^w=  Water  Density  (SHl  \ 

cm.  3 
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